We examine the relative contribution of processes controlling the interannual variability 14 (IAV) of tropospheric ozone over four sub-regions of the southern hemispheric 15 tropospheric ozone maximum (SHTOM) over a twenty-year period. Our study is based 16 on hindcast simulations from the National Aeronautics and Space Administration Global 17
quantification of O 3 of stratospheric origin in the troposphere at a given location and 163
time. This approach has also been adopted in the high resolution GFDL AM3 model (Lin 164 et al., 2012) . 165
In this study, we also conducted a tagged CO simulation to examine the emission sources 166 during the same period as the full chemistry simulation. The tagged CO simulation has 167 horizontal resolution of 1°x1.25°. The primary chemical loss of CO is through reactions 168 with OH radicals, which are archived from the respective standard chemistry simulation 169 with yearly-varied emissions. The chemical production and loss rates of CO in the 170 stratosphere were archived from the respective standard chemistry simulations. 171 dynamics and chemistry on the IAV of tropospheric ozone variations over these selected 252 regions during the past twenty years. 253 dynamics (e.g., Ziemke et al., 2010; Oman et al., 2013; 2011) Logan et al., 2008) . The agreement between TES and GMI-CTM 277 indicates a possible low bias of GMAO assimilated ozone during late 2006, as a result of 278 the lack of emissions in the assimilation (Wargan et al., 2015) . 279 troposphere even over two tropical regions. Stratospheric influence plays a big role 296 during austral winter-spring and reaches its seasonal maximum in August, when the 297 subtropical jet system is strongest and moves to its northern-most location. Over the two 298 subtropical regions, the strong stratospheric influence persists throughout the whole 299 troposphere (r > 0.8 at 700 hPa) in August. Over tropical south Atlantic region, the 300 strong stratospheric influence is limited to the upper troposphere in austral winter-spring 301 and decreases sharply with decreasing altitude. Over the tropical southeastern Pacific, the 302 strong stratospheric influence persists year-long at the upper troposphere and reaches as 303 low as ~400 hPa except for December. 304
The right column of Figure 5 shows the seasonal profiles of correlation coefficients 305 between ozone and ozone from emissions (emissO 3 ). The emissO 3 is the difference 306 between the simulations with varied and constant emission. Over the two subtropical 307 regions, there are two seasonal maxima in the correlations between ozone and emissO 3 . 308
The first occurs in September at the lower troposphere and decreases with increasing 309 altitude, the second is in December/January showing opposite vertical gradient with 310 stronger correlations in the upper and middle troposphere. Over the tropical southeastern 311
Pacific region, the influence from emissions shows a similar double-peak pattern, but 312 with the first maximum localized at the surface and the second peak localized in theupper troposphere. Over the tropical south Atlantic, the influence of emissions is very 314 small. South America and southern Africa are two major nearby burning regions. 315
Emissions over South America have much larger IAV than those over southern Africa, 316 although Africa emission is larger in absolute terms (Sauvage et al., 2007; Liu et al., 317 2010; Voulgarakis et al., 2015) . Sauvage et al (2007) argued that emissions over the 318 eastern regions (India, South-East Asia, Australia) could be transported southward in the 319 upper troposphere through the Tropical Easterly Jet and affect ozone over Africa, the 320 Atlantic and Indian Ocean (Hoskins and Rodwell, 1995; Rodwell and Hoskins, 2001) . 321
Meanwhile, emissions over the eastern region also show large IAV (Voulgarakis et al., 322 2015) . Therefore, the interannual emission changes in South America (0-20°S, 72.5°W-323 37.5°W), southern Africa (5°S-20°S, 12°E-38°E) and the eastern region (70°E-125°E, 324 10°S-40°N) may all affect the IAV of ozone due to emission changes in the southern 325
hemisphere. In this study, we rely on tagged CO simulation to quantify the influence of 326 biomass burning emissions from these three burning regions during months when 327 emission IAV contributes significantly to the IAV of ozone. 328
In the next section, we choose August (the seasonal maximum of stratospheric input into 329 the lower troposphere), September and December (the seasonal maximum of emission 330 contribution) as three example months to examine the relative roles of different factors on 331 IAV of tropospheric ozone over these regions. and explains about 50% of IAV in ozone at 430hPa. In December, the contributions from 365 stratospheric input on the IAV of ozone are dominant (~60%) at 270 hPa but insignificant 366 at 430 hPa. Emission influence is significant at both levels. However, unlike that of 367 September, the influence of emissions on IAV of tropospheric ozone is great at 270 hPa 368 (~40%) than at 430 hPa (~36%). We quantify emission contributions from three burning 369 regions using a tagged CO simulation. to 2011. The direct downwind transport of emissions from South America contributes 374 most to the ozone variability from emissions over this region in September at both levels 375 and the effects are most significant in the lower level (~58% at 430 hPa). In the upper 376 troposphere, besides the contribution from S. America, the uplift and cross-equator 377 transport of pollutants from eastern region also contributes (>10%) to the ozone variation 378 over South Atlantic region. The contribution from southern Africa is small and less than 379 10% at both levels. We also note that both tropospheric column ozone using the assimilated fields and found a statistically 390 significant negative response of tropospheric column ozone to ENSO over South Atlantic 391
Ocean. 392
In December, emissions from South America and southern Africa do not contribute 393 substantially to the IAV of emissO 3 . Emissions from eastern region dominate, explaining 394 83% and 77% variance of emissO 3 IAV at 270 hPa and 430 hPa. The eastern pollutants 395 have the strongest influence at the upper troposphere because of their transport pathway 396 as discussed in Sauvage et al. (2007) . Therefore, the emission contribution of 397 tropospheric ozone IAV in December shows an opposite vertical structure to that seen in 398
September. 399
In summary, over the South Atlantic region, the stratospheric input plays a dominant role 400 in the upper troposphere with a seasonal maximum in August. At 430 hPa the 401 contribution from emission changes to the IAV of ozone exceeds that of stratospheric 402 input in September and December. A tagged CO simulation from 1992 to 2011 shows the 403 direct downwind transport of pollutants from South America is the largest contributor to 404 Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016 Discuss., doi:10.5194/acp- -692, 2016 Manuscript under review for journal Atmos. Chem. Phys. Published: 10 October 2016 c Author(s) 2016. CC-BY 3.0 License. emissO 3 in September, and it is strongest near the surface. In December, cross-equator 405 transport of eastern region pollutants is the most important source of IAV due to 406 emissions, and the effects are strongest in the upper troposphere. 407
South Indian Ocean 408
Over the south Indian Ocean, the fitted and simulated ozone anomalies are in excellent 409 agreement ( Figure 9 ). The explained proportion of variability in simulated ozone 410 anomalies by StratO 3 and EmissO 3 is as high as ~ 88% in August at 270 hPa. We show 411 relative contribution to the IAV in ozone due to stratospheric input and emission as 412 obtained from multiple linear regression in Figure 10 . In August and September, 413 stratospheric input contributes more than 85% to ozone IAV at 270 hPa. The 414 stratospheric contribution decreases slightly but is still dominant and significant at 430 415 hPa (~50% in August and 64% in September). The emission contribution, which is 416 mainly from downwind transport of pollutants from S. America and southern Africa 417 (Figure 11 ), is most important at 430 hPa in September but accounts for only 27% of 418 ozone IAV. The emission contribution is smaller in August. In December, both 419 stratospheric input and surface emission influence the IAV of ozone. The contribution 420 from stratospheric input slightly exceeds that from emissions at 270 hPa and becomes 421 slightly weaker at 430 hPa. Examining the tagged sources simulation shows that emission 422 from eastern regions is the largest sources of ozone IAV at 270 hPa and 430 hPa in 423
December with a stronger influence at the upper troposphere (Figure 11) . 424
These results show that stratospheric ozone makes a significant contribution to the 425 tropospheric ozone variability over the South Indian Ocean, with the largest influence in 426 the upper troposphere in austral winter. Emission influence from nearby pollution in the 427 boundary layer is relatively weak and only significant in September, one month after the 428 southern hemisphere peak-burning season. In the upper troposphere, the cross-equator 429 transport of pollutants from the eastern region is the major emission source affecting the 430 ozone variability. The influence peaks in December at the upper troposphere and extends 431 to the middle troposphere. 432 In the upper troposphere, lightning produces nitrogen oxides (NO X ) and promotes the 434 photochemical ozone production (e.g., Pickering et al., 1993) . Murray et al. (2013) shows 435 that the IAV of tropical tropospheric ozone column is sensitive to the IAV of lightning 436 over the tropical south Atlantic region. We therefore add the lightning NO X as the third 437 variable besides StratO 3 and EmissO 3 . We test whether the addition of lightning NO X 438 improves the regression model significantly. Figure 12 The fitted ozone reproduces many of the IAV of simulated ozone after including 454 lightning NO X in the regression, indicating a strong influence from the lightning NOX in 455
Tropical South Atlantic 433
December. 456 Figure 13 shows the regression results of relative contributions of stratospheric input and 457 surface emission on the IAV of ozone. As discussed above, the tropical south Atlantic is 458 in the descending branch of the Walker Circulation. Therefore, even though this region is 459 located in the tropics, the IAV of stratospheric input still plays a dominant role and 460 explains 64% in August and 50% in September of ozone variance in the upper 461 troposphere. The stratospheric contribution, associated with radiative descent over this 462 region, drops to less than 30% at 430 hPa but is still significant during these two months. 463 simulation shows that emission contribution is limited even at lower levels; the emission 465 contribution becomes significant and explains ~30% variance of ozone at ~700 hPa (not 466 shown). In December, neither stratospheric input nor emission contributes much to the 467
IAV of ozone. 468
In the model, the lightning emissions take place in connection with deep convective 469 with that simulated from GMI-CTM in August and September. In December, the fitted 494 Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016 Discuss., doi:10.5194/acp- -692, 2016 Manuscript under review for journal Atmos. Chem. Phys. is influenced by nearby pollutants from South America, and also by the cross-equator 502 transport of pollutants from the eastern region ( Figure 17 ). Previous studies (e.g., 503
Chandra et al., 1998; 2002; 2009; Sudo and Takahashi, 2001; Ziemke and Chandra, 2003; 504 Doherty et al., 2006; Oman et al., 2011) show that ENSO has its strongest impact in the 505 tropical Pacific basin. In August, the ITCZ is located at its northernmost location north of 506 the Equator. Radiative sinking motion still dominates over the tropical southeastern 507
Pacific in the middle -upper troposphere (Liu et al., 2010) . Therefore, the emissions 508 contribution from South America is quite small at 430 hPa and 270 hPa as shown in 509 Ocean is dominantly driven by the IAV of stratospheric ozone contribution (>64%) with 537 little or no influence from surface emissions at 270 hPa and 430 hPa. Over the south 538 Atlantic region, besides the stratospheric ozone input, the IAV of surface emissions from 539 South America and southern Africa also play a big role on the IAV of ozone, especially 540 in the lower levels. The influence from emission exceeds that from the stratospheric 541 contribution on the ozone variability in September at 430 hPa. In December, the emission 542 influence mainly from remote transport of pollutants from eastern region is relatively 543 high in the upper troposphere and decreases with the decreasing altitude. 544
Compared to the extra-tropics regions, the two tropical regions have a smaller influence 545 from stratospheric input but the influence is still significant at both 270 hPa and 430 hPa 546 in August and September. Over tropical south Atlantic region, the IAV of stratospheric 547 input plays a dominant role and explains 64% in August and 52% in September of the 548 ozone IAV at 270 hPa. The stratospheric contribution drops to less than half of that at 549 270 hPa but is still significant at 430 hPa. Emission contributions are not significant at 550 these two levels, even during September. Our model shows that the IAV of ozone is 551 partially driven by the IAV of lightning in September. In December, the changes in 552 lightning NO X have a significant impact on the ozone IAV, but show a negative 553 correlation, which indicates that the transport and mixing of clean surface air exceeds 554 ozone production from lightning NO X emissions with a net negative impact of IAV in 555 convection. Over the tropical southeastern Pacific, IAV in stratospheric input 556 significantly affects the ozone IAV during these three months, explaining 25-38% of the 557 variance of simulated ozone at 270 hPa. Emissions have little or no influence in August, 558
September at 270 hPa and 430 hPa, but are significant in December at 270 hPa, 559 explaining 28% of simulated ozone IAV. A further comparison of ozone and ENSO 560 index shows that ENSO, which affects the tropical convection and large-scale upwelling, 561
shows a strong negative correlation with the IAV of tropospheric ozone over this region. 562 Therefore, the model simulations/predictions with different convective parameterizations 563 exhibit large uncertainties over this region as observed in Stevenson et al. (2006) . 564 In this study, our regional analysis based on the GMI-CTM model provides valuable 565 conclusions on drivers of interannual variability over different subregions of the SHTOM 566 and how they vary with the altitude. The quantification of their relative contributions on 567 interannual time scales enhances our understanding of the IAV and, potentially, long-568 term trends in the tropospheric ozone and furthermore their effects to the radiative 569 forcing change in climate. 570
Bals-Elsholz, T. M., Atallah, E. H., Bosart, L. F., Wasula, T. A., Cempa, M. J., and Lupo, 582
A. R.: The wintertime Southern Hemisphere split jet: Structure, variability, and evolution, 583
Journal of Climate, 14, 4191-4215, 2001 . 
593
Eyring, V., Lamarque, J.-F., Hess, P., Arfeuille, F., Bowman, K., Chipperfield, M. P., 612 Duncan, B., Fiore, A., Gettelman, A., Giorgetta, M. A., Granier, C., Kinnison, M. H. D., 613 Kunze, M., Langematz, U., Luo, B., Martin, R., Matthes, K., Newman, P. A., Peter, T., 614
Robock, A., Ryerson, T., Saiz-Lopez, A., Salawitch, R., Schultz, M., Shepherd, T. G., 
893
Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016 Discuss., doi:10.5194/acp- -692, 2016 Manuscript under review for journal Atmos. Chem. Phys. 943 944
